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Obesity is associated with intrahepatic inflammation that pro- 
motes insulin resistance and type 2 diabetes. Tumor necrosis 
factor receptor-associated factor (TRAF)2 is a key adaptor mol- 
ecule that is known to mediate proinflammatory cytokine signal- 
ing in immune cells; however, its metabolic function remains 
unclear. We examined the role of hepatic TRAF2 in the regulation 
of insulin sensitivity and glucose metabolism. TRAF2 was deleted 
specifically in hepatocytes using the Cre/loxP system. The mutant 
mice were fed a high-fat diet (HFD) to induce insulin resistance 
and hyperglycemia. Hepatic glucose production (HGP) was ex- 
amined using pyruvate tolerance tests, 2 H nuclear magnetic res- 
onance spectroscopy, and in vitro HGP assays. The expression 
of gluconeogenic genes was measured by quantitative real-time 
PCR. Insulin sensitivity was analyzed using insulin tolerance tests 
and insulin-stimulated phosphorylation of insulin receptors and 
Akt. Glucagon action was examined using glucagon tolerance 
tests and glucagon-stimulated HGP, cAMP-responsive element- 
binding (CREB) phosphorylation, and expression of gluconeogenic 
genes in the liver and primary hepatocytes. Hepatocyte-specific 
TRAF2 knockout (HKO) mice exhibited normal body weight, 
blood glucose levels, and insulin sensitivity. Under HFD condi- 
tions, blood glucose levels were significantly lower (by >30%) in 
HKO than in control mice. Both insulin signaling and the hypo- 
glycemic response to insulin were similar between HKO and con- 
trol mice. In contrast, glucagon signaling and the hyperglycemic 
response to glucagon were severely impaired in HKO mice. In 
addition, TRAF2 overexpression significantly increased the ability 
of glucagon or a cAMP analog to stimulate CREB phosphorylation, 
gluconeogenic gene expression, and HGP in primary hepatocytes. 
These results suggest that the hepatic TRAF2 cell autonomously 
promotes hepatic gluconeogenesis by enhancing the hyperglyce- 
mic response to glucagon and other factors that increase cAMP 
levels, thus contributing to hyperglycemia in obesity. Diabetes 
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Obesity is a primary risk factor for type 2 di- 
abetes. It is associated with chronic inflammation 
that in turn contributes to insulin resistance. 
Multiple proinflammatory cytokines, including 
tumor necrosis factor (TNF)-a, interleukin (IL)-l, and ILr6, 
impair insulin sensitivity, thereby promoting type 2 diabetes 
progression (1-4). Chronic inflammation in the liver is 
believed to contribute to hyperglycemia and glucose in- 
tolerance in obesity (2,3). The liver controls blood glucose 
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levels mainly through glycogenolysis and gluconeogenesis. 
In fasting states, glycogenolysis and gluconeogenesis in- 
crease, providing glucose for neurons and erythrocytes that 
depend on glucose for survival (5,6). Hepatic glucose pro- 
duction (HGP) rates are determined by a balance between 
insulin and various counterregulatory hormones (e.g., 
glucagon, glucocorticoids, growth hormone, and catechol- 
amines). Insulin suppresses HGP by inhibiting the expres- 
sion of rate-limiting gluconeogenic enzymes, including 
PEPCK and glucose 6-phosphatase (G6Pase), whereas 
counterregulatory hormones have an opposite effect (6-11). 
In type 2 diabetes, gluconeogenesis is abnormally elevated, 
thus contributing to hyperglycemia and glucose intolerance 
(12). In obesity, the expression of TNF-a, IL-1, and IL-6 is 
markedly elevated in the liver, and suppression of liver in- 
flammation greatly attenuates insulin resistance, hypergly- 
cemia, and glucose intolerance (2,3,13). Proinflammatory 
cytokines are believed to impair insulin signaling and 
the ability of insulin to suppress gluconeogenesis in hep- 
atocytes, thereby contributing to hyperglycemia and 
glucose intolerance in obesity-associated type 2 diabetes 
(12,14-16). However, intracellular signaling pathways that 
mediate cytokine suppression of insulin action in hep- 
atocytes remain largely unclear. In addition, it is unclear 
whether proinflammatory cytokines regulate the activity 
of glucagon or other counterregulatory hormones. 

TNF receptor-associated factor (TRAF)2 is a TRAF 
family member and recruited to the TNF receptors or Toll- 
like receptors upon ligand binding (17,18). It mediates the 
activation of multiple downstream pathways, including the 
canonical and noncanonical nuclear factor-KB pathways 
and the Jun NH 2 -terminal kinase (JNK) pathways (17-25). 
TRAF2 is expressed in multiple tissues, including the liver 
(26). TRAF2 knockout mice die after birth (27,28), in- 
dicating that TRAF2 is required for postnatal growth 
and development. TRAF2 has been extensively examined 
in immune cells and is believed to mediate key cytokine 
responses (17,18,21); however, the function of TRAF2 
in metabolic tissues, including the liver, has not been 
reported. 

In this study, we report that hepatic TRAF2 regulates glu- 
cagon but not insulin signaling. Hepatocyte-specific deletion 
of TRAF2 impairs glucagon's ability to stimulate gluconeo- 
genesis, thus protecting against diet-induced hyperglycemia. 
Therefore, hepatic TRAF2 is involved in inflammation- 
promoted hyperglycemia in obesity. 



RESEARCH DESIGN AND METHODS 

TRAF2 flox/flox mice were provided by R.B. Albumin-Cre mice were from The 
Jackson Laboratory (Bar Harbor, ME). Hepatocyte-specific TRAF2 knockout 
(HKO) mice were generated by crossing TRAF2 flox/flox mice with albumin-Cre 
mice (in C57BL/6 genetic background). Mice were housed on a 12-h light/dark 
cycle in the Unit for Laboratory Animal Medicine at the University of Michi- 
gan. Mice were fed either a normal chow (9% fat; Laboratory Diet) or a high-fat 
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diet (HFD; 60% fat; Research Diets) ad libitum with free access to water. 
Animal experiments were conducted following the protocols approved by the 
University of Michigan Committee on the Use and Care of Animals. 
Animal experiments. These experiments were conducted in conscious mice. 
Blood samples were collected from tail veins, and blood glucose and plasma 
insulin were measured as described previously (29). Plasma glucagon was mea- 
sured using glucagon radioimmunoassay kits (LINCO, St. Charles, MO). Glucose 
tolerance tests (GTTs) and insulin tolerance tests (ITTs) have been described 
previously (30). In pyruvate tolerance tests, mice were fasted overnight and 
intraperitoneally injected with sodium pyruvate (2 g/kg body wt). Blood glu- 
cose was monitored after pyruvate injection. In GTTs, mice were fasted for 5 h 
and intraperitoneally injected with glucagon (10 |xg/kg body wt). To measure 
relative contributions of gluconeogenesis and glycogenolysis to hepatic glu- 
cose production, mice were fed an HFD for 10-12 weeks, fasted for 24 h, and 
intraperitoneally injected with deuterium water (99%, 27 mL/kg body wt) 
(Cambridge Isotope Laboratories, Andover, MA). Blood samples were col- 
lected via retro-orbital sinus 30 min after injection and pooled from three mice 
in each group as described previously (31). The pooled samples were used to 
purify glucose that was subsequently converted to monoacetone glucose 
(MAG) (31,32). MAG was subjected to 2 H nuclear magnetic resonance (NMR) 
spectroscopy analysis. 2 H NMR spectra were obtained by a 17.6 T Varian 
spectrometer (Varian Medical Systems, Palo Alto, CA), and relative 2 H enrich- 
ments in H2, H5, and H6s resonances were measured. The relative contributions 
of glycogenolysis and gluconeogenesis (glycerol and PEP as substrates) to HGP 
were calculated as described previously (32-35): glycogenolysis: (H2-H5)/H2; 
gluconeogenesis (glycerol): (H5-H6s)/H2; gluconeogenesis (PEP): H6s/H2. 
Immunoprecipitation and immunoblotting. Mice were fasted 20-24 h, 
anesthetized, and administrated insulin (2 units/kg body wt) via inferior vena. 
Livers were isolated and homogenized in a lysis buffer (50 mmol/L Tris HC1, 
pH 7.5, 1.0% NP-40, 150 mmol/L NaCl, 2 mmol/L EGTA, 1 mmol/L Na 3 V0 4 , 100 
mmol/L NaF, 10 mmol/L Na 4 P 2 0 7 , 1 mmol/L phenylmethylsulfonyl fluoride 
[PMSF], 10 fxg/mL aprotinin, and 10 jig/mL leupeptin) as described previously 
(36,37). Liver extracts were immunoprecipitated with anti-insulin receptor 
(IR) antibody (Santa Cruz Biotechnology) and immunoblotted with anti- 
phospho-Tyr antibody (Upstate). Liver extracts were also immunoblotted with 
antibodies against phospho-Akt (pSer473 from Cell Signaling Technology 
and Thr308 from Santa Cruz Biotechnology) or total Akt (Santa Cruz 
Biotechnology). 

Immunostaining. Liver frozen sections (7 |xm) were fixed in 4% para- 
formaldehyde for 30 min, blocked with 5% normal goat serum (Invitrogen Life 
Technologies, Carlsbad, CA) plus 1% BSA for 3 h, and incubated with rat anti- 
F4/80 antibody (eBioscience, San Diego, CA) at 4°C overnight. F4/80-positive 
cells were visualized using Cy2-conjugated goat anti-rat secondary antibodies 
and a fluorescent microscopy. 

Quantitative real-time PCR analysis. Total RNAs were extracted using 
TRIzol reagent (Invitrogen Life Technologies) as described previously (36). The 
first-strand cDNAs were synthesized using random primers and Maloney murine 
leukemia virus reverse transcriptase (Promega, Madison, WI). mRNA abun- 
dance was measured using ABsolute QPCR SYBR Mix (Thermo Fisher Scien- 
tific, Epsom, Surrey, U.K.) and Mx3000P real-time PCR system (Stratagene, La 
Jolla, CA). The expression of individual genes was normalized to the expression 
of 36B4, a housekeeping gene. Primers for real-time quantitative PCR (qPCR) 
include peroxisome proliferator-activated receptor 7 coactivator (PGC)-la-F: 
TGGACGGAAGCAATTTTTCA, PGC-la-R: TTACCTGCGCAAGCTTCTCT; 
PEPCK-F: ATCATCTTTGGTGGCCGTAG, PEPCK-R: ATCTTGCCCTTGTG 
TTCTGC; G6Pase-F: CCGGTGTTTGAACGTCATCT, G6Pase-R: CAATGCCTGAC 
AAGACTCCA; 36B4-F: AAGCGCGTCCTGGCATTGTCT, 36B4-R: CCGCAGGGG 
CAGCAGTGGT; E^ip-F: GCCTTGGGCCTCAAAGGAAAGAATC, E^ip-R: GGAAG 
ACACAGATTCCATGGTGAAG; IL6-F: AGCCAGAGTCCTTCAGA, HV6-R: GGTCC 
TTAGCCACTCCT; and TNF-a-F: CATCTTCTCAAAATTCGAGTGACAA, TNF-a-R: 
TGGGAGTAGACAAGGTACAACCC. 

Primary hepatocyte cultures, adenoviral infection, and HGP assays. 

Primary hepatocyte cultures were prepared by liver perfusion with type II 
collagenase (Worthington Biochemical, Lakewood, NJ) and grown on collagen- 
coated plates as described previously (37). The cells were infected with in- 
dicated adenoviruses and subjected to HGP assays 16 h after infection as 
described previously (38). In brief, primary hepatocytes were incubated for 4 h 
in Krebs-Ringer bicarbonate buffer (118 mmol/L NaCl, 2.5 mmol/L CaCl 2 , 4.8 
mmol/L KC1, 25 mmol/L NaHCOg, 1.1 mmol/L KH 2 P0 4 , 1.2 mmol/L MgS0 4 , 10 
[ig ZnS0 4 , 0.6% BSA, and 10 mmol/L HEPES, pH 7.4) supplemented with 10 
mmol/L lactate and 1 mmol/L pyruvate, in the presence or absence of glucagon 
or the mixture of 10 |xmol/L A^,2'-0-dibutyryl-cAMP sodium salt (DB-cAMP) 
and 100 nmol/L dexamethasone. Glucose in culture medium was measured 
and normalized to total protein levels. 

Isolation of Kupffer cell fractions. Livers were perfused with type II col- 
lagenase. Dissociated liver cells were filtered through a cell strainer (100 |xm) 
and centrifuged at 50g for 2 min. The supernatants were centrifuged at 200$ 



for 10 min, and the pellets were resuspended in Ca + - and Mg + -free PBS and 
loaded onto a Percoll gradient solution (40 and 25%). After centrifugation at 
500g for 20 min, Kupffer cells were highly enriched in the pellets. 
G6Pase activity assay. G6Pase activity was measured as described previously 
(39). Liver samples (—50 mg) were homogenized in an ice-cold lysis buffer 
(100 mmol/L Tris, pH 7.5, 0.25 mol/L sucrose, 5 mmol/L EDTA, and 1 mmol/L 
PMSF) and centrifuged at 10,500(7 and 4°C for 20 min. The supernatants were 
centrifuged at 100,000$ and 4°C for 60 min. The pellets (microsomal fraction) 
were resuspended in a buffer (100 mmol/L Na-cacodylate and 10% glycerol, pH 
6.5) and protein concentrations were measured. Microsomal fraction (10 |iL) 
was incubated in a reaction buffer (100 mmol/L sodium cacodylate and 46 
mmol/L glucose-6-phosphate) for 10 min at 37°C. Reaction was terminated by 
adding trichloroacetic acid (1.3%) and centrifuged at 16,000$ for 5 min. The 
supernatant (10 mL) or phosphorous standards (0, 81.25, 162.5, 325, and 650 
fxmol/L) was mixed with Taussky-Shorr color reagents (1% ammonium mo- 
lybdate, 0.5 mol/L sulfuric acid, and 0.18 mol/L ferrous sulfate) and incubated 
for 5 min at room temperature. Optical absorbance (620 nm) was measured by 
a SynergyTM HT multimode 96-well plate reader (BioTek) and used to cal- 
culate anorganic phosphate concentrations. G6Pase activity was expressed as 
milliunits (nanamoles of anorganic phosphate released per minute) and nor- 
malized to microsomal protein levels (milligrams). 

Nuclear extract preparation. Mice were fasted for 3 h, anesthetized, and 
injected with glucagon (30 fxg/kg body wt) via inferior vena. Livers were dis- 
sected 5 min after injection and homogenized in a lysis buffer (20 mmol/L 
HEPES, 1 mmol/L EDTA, 250 mmol/L sucrose, 10 jxg/mL aprotinin, 10 jxg/mL 
leupeptin, 1 mmol/L PMSF, 1 mmol/L Na 3 V0 3 , and 0.5 mmol/L dithiothreitol, 
pH 7.4). Liver nuclei were isolated by sequential centrifugation at 4°C at 1,100$ 
and 4,000$, respectively. The pellets were resuspended in a high-salt solution (20 
mmol/L HEPES, 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol, 
1 mmol/L PMSF, and 1 mmol/L Na 3 V0 3 , pH 7.9) to prepare nuclear extracts. 
Statistical analysis. Data are presented as means ± SEM. Differences be- 
tween groups were analyzed by two-tailed Student t tests. P < 0.05 was 
considered statistically significant. 

RESULTS 

Hepatocyte-specific deletion of TRAF2 is not sufficient 
to alter insulin sensitivity and glucose metabolism. 

TRAF2 mRNA abundance increased in mice with either 
genetic or dietary obesity (Fig. 1A). To determine the met- 
abolic function of liver TRAF2, HKO mice were generated 
using the Cre/loxP system. TRAF2 flox/flox mice were gener- 
ated and characterized previously (21). HKO mice were 
generated by crossing xRAF2 flox/flox mice with albumin-Cre 
transgenic mice, and both TRAF2 flox/flox and albumin-Cre 
mice were used as control. As expected, TRAF2 was deleted 
specifically in the livers but not muscle and adipose tissues 
of HKO mice (Fig. LB). To verify TRAF2 deletion specifically 
in hepatocytes but not other types of liver cells, hepatocytes 
and Kupffer cells were purified and subjected to genotyping 
and qPCR analysis. The TRAF2 gene was deleted in the 
hepatocytes but not Kupffer cells of HKO mice (Fig. 1(7). 
TRAF2 mRNA levels were markedly reduced in hepatocytes 
but not Kupffer cells (Fig. ID). The residual TRAF2 mRNA 
in the hepatocyte fractions of HKO mice may result from a 
contamination of other cell types. 

To examine the metabolic function of hepatic TRAF2, 
we measured blood glucose and insulin and performed 
GTTs and ITTs in mice fed a normal chow. Both overnight 
fasting blood glucose (Fig. IE) and plasma insulin (data 
not shown) were similar between HKO and control mice. 
Glucose clearance rates and the ability of exogenous in- 
sulin to reduce blood glucose were also similar between 
HKO and control mice (Fig. IF and G). These results sug- 
gest that TRAF2 deficiency in hepatocytes alone is not suf- 
ficient to alter glucose metabolism. 

Hepatocyte-specific deletion of TRAF2 attenuates 
diet-induced hyperglycemia. Because inflammation pro- 
motes insulin resistance in obesity (13,40), we examined 
the role of hepatic TRAF2 in obesity-associated metabolic 
disorders. HKO and control mice were fed an HFD, and 
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FIG. 1. Hepatic TRAF2 is dispensable for glucose metabolism under 
normal conditions. A: TRAF2 mRNA abundance was measured in the 
liver by qPCR and normalized to 36B4 mRNA levels. WT-NC, wild-type 
mice fed a normal chow diet (14 weeks); WT-HFD, WT mice fed an HFD 
(14 weeks); ob/ob, leptin-deficient ob/ob mice (14 weeks); AU, arbi- 
trary unit. B: Total RNAs were extracted from WT and HKO mice and 
used to measure TRAF2 transcription by RT-PCR. C: Genomic DNA was 
prepared from purified hepatocytes and Kupffer cells and subjected to 
PCR-based genotyping analysis. D: TRAF2 mRNA abundance was mea- 
sured in purified hepatocytes and Kupffer cells by qPCR and normalized 
to 36B4 mRNA levels. E: Fasting (overnight) blood glucose levels in 
HKO and control male mice (23 weeks). F and G: GTTs (D-glucose: 2 g/kg 
body wt) and ITTs (1 unit/kg body wt) were performed in HKO and control 
males at age 22-23 weeks. Data are mean ± SEM. *P < 0.05. Con, control. 



blood glucose and plasma insulin were measured. Body 
weight was similar between HKO and control mice (Fig. 2A). 
Control mice developed hyperglycemia progressively un- 
der HFD conditions; in contrast, blood glucose levels were 
maintained at relatively normal levels in HFD-fed HKO 
mice (Fig. 2B). Fasting blood glucose was 30% lower in 
HKO than in control mice fed an HFD for 15 weeks (HKO: 
76.6 ± 7.0 mg/dL, n = 13; Control: 110.5 ± 9.8 mg/dL, n = 13; 
P = 0.01). Blood glucose also was reduced (by 22%) in HKO 
mice under fed conditions (HKO: 111.2 ± 4.6 mg/dL, n = 10; 
Control: 141.1 ± 5.7 mg/dL, n = 16; P = 0.001). Fasting 
plasma insulin levels also significantly decreased in HKO 
mice (Fig. 2(7). A reduction in plasma insulin may be sec- 
ondary to decreased blood glucose in HKO mice. These 
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FIG. 2. Hepatocyte-specific deletion of TRAF2 ameliorates diet-induced 
hyperglycemia. Mice (7-8 weeks) were fed an HFD. A: Growth curves. 
B: Fasting (overnight) blood glucose. C: Fasting plasma insulin levels in 
mice fed an HFD for 15 weeks. D and E: GTTs (D-glucose: 2 g/kg body 
wt) and ITTs (1 unit/kg body wt) were performed in HKO and control 
males fed an HFD for 15 and 16 weeks, respectively. Control groups 
contained both TRAF2 flox/flox (n = 10-14) and albumin-Cre (n = 3) mice. 
Data are mean ± SEM. *P < 0.05. Con, control; Wks, weeks. 



data indicate that hepatic TRAF2 contributes to diet-induced 
hyperglycemia and hyperinsulinemia in mice. 

To further analyze insulin sensitivity and glucose metabo- 
lism, we performed GTTs and ITTs. It is surprising that glu- 
cose excursion rates were similar between HKO and control 
mice (Fig. 2D), and exogenous insulin similarly reduced 
blood glucose between these two groups (Fig. 2E). These 
results suggest that hepatic TRAF2 contributes to diet- 
induced hyperglycemia independently of insulin resistance. 
Hepatocyte-specific deletion of TRAF2 decreases 
hepatic gluconeogenesis. We analyzed HGP using pyru- 
vate tolerance tests. Mice were fed an HFD for 17 weeks 
and injected with pyruvate, a gluconeogenic substrate. 
Blood glucose increased in both HKO and control mice 
after pyruvate injection; however, glucose levels were 
significantly lower in HKO than in control mice 0, 15, 30, 
and 120 min after injection, and the area under the curve 
(AUC) decreased by -24% in HKO mice (Fig. 3A). To 
measure relative contributions of glycogenolysis and 
gluconeogenesis to HGP, mice were fasted for 24 h and 
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FIG. 3. Hepatocyte-specific deletion of TRAF2 suppresses the hepatic 
gluconeogenic program under HFD conditions. A: HKO and control 
(TRAF2 flox/flox : n = 13; albumin-Cre: n = 3) male mice were fed an HFD for 
17 weeks. Mice were fasted for 16 h and intraperitoneally injected with 
sodium pyruvate (2 g/kg body wt). Blood glucose was monitored after in- 
jection, and AUCs were calculated. AU, arbitrary unit. B: Mice (7-8 weeks) 
were fed an HFD for 10-12 weeks and subjected to 2 H NMR analysis. 2 H 
NMR spectra of a MAG derived from plasma glucose (pooled from three 
animals per group) were presented. C: HKO and control males were fed an 
HFD for 18 weeks. Total liver RNAs were extracted and used to measure 
the mRNA abundance of the indicated genes by qPCR. The expression of 
these genes was normalized to the expression of 36B4. D: HKO and control 
males were fed an HFD for 18 weeks and fasted for 20-24 h. G6Pase ac- 
tivity was measured in liver microsomal fractions and normalized to mi- 
crosomal protein levels. E: HKO and control males were fed an HFD for 18 
weeks, and liver weight, glycogen contents, and triacylglycerol (TAG) 
levels were measured. Data are mean ± SEM. *P < 0.05. Con, control. 



intraperitoneally injected with deuterium water. Blood 
samples were collected 30 min after injection and subjected 
to 2 H NMR analysis to estimate the contributions of glyco- 
genosis and gluconeogenesis to HGP as described pre- 
viously (31-35). 2 H NMR spectra were different between 
control and HKO mice (Fig. 3E). The fraction of glucose 
derived from PEP-stimulated gluconeogenesis was mark- 
edly reduced in HKO mice (Control: 64.7 ± 7.1%, n = 9; 
HKO: 26.8 ± 8.9%, n = 9; P = 0.029). In contrast, the fraction 
of glycogenolysis-derived glucose increased in HKO mice 
(Control: 10.8 ± 3.2%, n = 9; HKO: 29.3 ± 3.4%, n = 9; P = 
0.017). Increased glycogenolysis may be an adaptation to 
decreased gluconeogenesis in HKO mice. 

Plasma lactate levels were similar between control and 
HKO mice fed an HFD for 18 weeks (HKO: 4.23 ± 0.40 
mmol/L, n = 16; Control: 5.07 ± 0.56 mmol/L, n = 16; 
P = 0.22). These data suggest that the supply of gluconeo- 
genic substrate may not be the determinant factor for re- 
duced gluconeogenesis in HKO mice. To determine whether 
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FIG. 4. Hepatocyte-specific deletion of TRAF2 does not ameliorate liver 
inflammation levels under HFD conditions. HKO and control (Con) males 
(7-8 weeks) were fed an HFD for 18 weeks. A: Liver frozen sections were 
stained with anti-F4/80 antibody and DAPI. B: F4/80-positive cells were 
accounted and normalized to total cell numbers. AU, arbitrary unit. C: 
Total liver RNAs were extracted and used to measure the mRNA abun- 
dance of the indicated genes by qPCR. The expression of these genes was 
normalized to the expression of 36B4. Data are mean ± SEM. (A high- 
quality digital representation of this figure is available in the online issue.) 
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hepatic TRAF2 regulates the hepatic gluconeogenic pro- 
gram, mice were fed an HFD for 18 weeks and fasted for 
—20 h. Liver mRNA was extracted and used to measure the 
mRNA abundance of key gluconeogenic genes by qPCR. 
The expression of PGC-la, PEPCK, and G6Pase decreased 
by 47, 31, and 33% in HKO mice, respectively (Fig. 3(7). 
Consistently, liver G6Pase activity was reduced by 39% in 
HKO mice (Fig. 3D). Furthermore, liver weights, glycogen 
contents, and triacylglycerol levels were also similar be- 
tween HKO and control mice (Fig. 3E). Taken together, these 
results suggest that under HFD conditions, hepatic TRAF2 
directly promotes hepatic gluconeogenesis, thereby con- 
tributing to hyperglycemia. 

Hepatocyte-specific deletion of TRAF2 does not alter 
liver inflammation and insulin signaling under HFD 
conditions. To determine whether hepatocyte-specific de- 
letion of TRAF2 ameliorates HFD-induced liver inflam- 
mation, mice were fed an HFD for 18 weeks and liver 
sections were immunostained with antibodies against F4/80, 
a Kupffer cell marker. Kupffer cell number was similar 
between control and HKO mice (Fig. 4A and E). To further 
analyze liver inflammation, we measured the expression of 
proinflammatory cytokines in these mice using qPCR. The 
expression of liver TNF-a, IL-1, and IL-6 was similar be- 
tween HKO and control mice (Fig. 4C). In addition, plasma 
levels of alanine aminotransferase, a marker of liver injury, 
were also similar between HKO and control mice (Control: 
93.3 ± 19.1 units/L, n = 5; HKO: 80.8 ± 16.8 units/L, n = 4 
P = 0.65). These data indicate that hepatocyte-specific 
deletion of TRAF2 does not alter the severity of liver in- 
flammation under HFD conditions. 

To determine whether hepatic TRAF2 modulates insulin 
signaling, HKO and control mice were fed a normal chow 
diet or an HFD for 18 weeks, fasted for 20-24 h, and treated 
with insulin. Livers were isolated 5 min after insulin 



- pSer 473 

- pThr 308 

- AKT 



Insulin: - - 



+ + + 



+ + + 



Normal Chow 



HFD 



B 



~< 



- pSer 473 

- pThr 308 
-AKT 



Insulin: - 



+ + + 



+ + + 



Control 



HKO 



FIG. 5. Hepatocyte-specific deletion of TRAF2 does not alter insulin 
signaling. A: Male mice (7-8 weeks) were fed a normal chow diet or an 
HFD for an additional 18 weeks. Mice were fasted for 20-24 h, anes- 
thetized, and injected with insulin (2 units/kg body wt) via inferior vena. 
Liver extracts were prepared 5 min after insulin injection and immuno- 
blotted with antibodies against phospho-Akt (pSer473 or pThr308) or 
total Akt. B: HKO and control mice were fed an HFD for 18 weeks, fasted 
for 20-24 h, and treated with insulin for 5 min as described above. Liver 
extracts were immunoblotted with anti-phospho-Akt (pThr308 or 
pSer473) or anti-Akt antibodies. Liver extracts were also immunopreci- 
pitated with anti-IR and immunoblotted with anti-phospho-Tyr antibody. 
The blots were reprobed with anti-IR antibody. 



treatments to examine insulin signaling pathways. In 
control mice fed a normal chow diet, insulin rapidly stim- 
ulated phosphorylation of Akt (pSer473 and pThr308); as 
expected, insulin-stimulated Akt phosphorylation was re- 
duced by -53% (pSer473) and -36% (pThr308) in mice fed 
an HFD (Fig. 5A). Under HFD conditions, insulin similarly 
stimulated Tyr phosphorylation of IRs and phosphorylation 
of Akt (pSer473 and pThr308) in both control and HKO 
mice (Fig. 5E). Therefore, hepatocyte TRAF2 is unlikely 
to directly regulate insulin signaling. These data raise the 
possibility that hepatic TRAF2 may regulate HGP through 
counterregulatory hormones. 

Hepatocyte-specific deletion of TRAF2 results in 
glucagon resistance. Glucagon is a main counterregulatory 
hormone that stimulates HGP during fasting (6). Plasma glu- 
cagon levels increased by 32% in HFD-fed HKO mice (Fig. 6A). 
Hyperglucagonemia is likely to adaptively overcome glucagon 
resistance in HKO mice. In GTTs, glucagon levels became 
similar between control and HKO mice 30 min after glucose 
injection (Control: 89.74 ± 4.16pg/mL, n = 12; HKO: 103.15 ± 
15.02 pg/mL, n = 7; P = 0.3). To examine the hyperglycemic 
response to glucagon, mice were fed an HFD for 17 weeks 
and injected with glucagon. Glucagon injection increased 
plasma glucagon levels by ~ 10-fold in both control and 
HKO mice (Control: 1432.34 ± 182.94 pg/mL, n = 3; HKO: 
1694.88 ± 556.84 pg/mL, n = 4; P = 0.71). Glucagon mark- 
edly increased blood glucose levels in control mice; how- 
ever, the ability of glucagon to increase blood glucose was 
severely impaired in HKO mice, and AUC decreased by 25% 
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FIG. 6. Hepatocyte-specific deletion of TRAF2 results in glucagon re- 
sistance. A: Plasma glucagon levels in male mice fed an HFD for 18 
weeks. B: HKO and control (TRAF2 flox/flox : n = 10; albumin-Cre: n = 3) 
males were fed an HFD for 17 weeks. Mice were fasted for 5 h and 
intraperitoneally injected with glucagon (10 |Jigfl£g body wt). Blood 
glucose was monitored after injection and AUC was calculated. C: 
HKO and control male mice were fed an HFD for 18 weeks. Mice 
were fasted for 3 h and injected with glucagon (30 |uig/kg body wt) 
via inferior vena. Liver nuclear extracts were prepared for 5 min 
after glucagon injection and immunoblotted with anti-phospho- 
CREB (pSerl33) or anti-CREB antibodies. D: CREB phosphoryla- 
tion was quantified using Odyssey software and normalized to total 
CREB levels. Data are mean ± SEM. *P < 0.05. Con, control; AU, 
arbitrary unit. 
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FIG. 7. TRAF2 directly promotes glucose counterregulation in hep- 
atocytes. A: Primary hepatocyte cultures were isolated from C57BL/6 
wild-type mice (10-11 weeks) and infected with GFP or TRAF2 ade- 
noviruses. Cell extracts were prepared 16 h after infection and im- 
munoblotted with antibodies against TRAF2 or tubulin. B: Primary 
hepatocytes were infected with GFP or TRAF2 adenoviruses and treated 
with glucagon 16 h after infection. HGP was measured 4 h after glucagon 
stimulation and normalized to total protein levels, n = 4. C: Primary 
hepatocytes were infected with GFP or TRAF2 adenoviruses and treated 
with or without glucagon 16 h after infection. Total RNAs were ex- 
tracted 2 h after glucagon stimulation and used to measure the mRNA 
abundance of PEPCK and G6Pase by qPCR. The expression of PEPCK 
and G6Pase was normalized to 36B4 expression. D: Primary hep- 
atocytes were infected with GFP or TRAF2 adenoviruses and trea- 
ted with DB-cAMP (100 jjimol/L for 2 h) 16 h after infection. Total RNAs 
were extracted and used to measure the mRNA abundance of PEPCK and 
G6Pase by qPCR. E: Primary hepatocytes were coinfected with CREB and 



(Fig. 61?). However, glucagon responses were similar be- 
tween HKO and control mice fed a normal chow diet (data 
not shown). 

Glucagon, via its G protein-coupled receptors, stim- 
ulates cAMP-mediated activation of protein kinase A (6). 
Protein kinase A phosphorylates cAMP-responsive element- 
binding (CREB) on Serl33, thereby stimulating CREB 
transcriptional activity (5,6). CREB in turn activates the 
transcription of PGC-la, PEPCK, and G6Pase, key gluco- 
neogenic genes (5,6). To determine whether hepatic TRAF2 
modulates glucagon-stimulated CREB phosphorylation, 
HKO and control mice were fed an HFD for 18 weeks and 
injected with glucagon. Liver nuclear extracts were pre- 
pared 5 min after glucagon injection and immunoblotted 
with phospho-CREB (pSerl33) antibody. Glucagon robustly 
stimulated CREB phosphorylation in control mice; however, 
CREB phosphorylation decreased by 35% in HKO mice (Fig. 
6C and D). Total CREB levels were similar between HKO 
and control mice (Fig. 6(7). These data suggest that he- 
patic TRAF2 promotes HGP at least in part by enhancing 
the hyperglycemic response to glucagon. 
TRAF2 directly promotes glucagon action in primary 
hepatocytes. To determine whether TRAF2 directly pro- 
motes HGP, primary hepatocyte cultures were prepared 
from C57BL/6 mice and infected with TRAF2 or green fluo- 
rescent protein (GFP) adenoviruses. Recombinant TRAF2 
protein was detected in TRAF2 but not GFP adenovirus- 
infected cells (Fig. 7 A). Infected cells were treated with 
glucagon and subjected to HGP assays. Glucagon dose- 
dependently stimulated HGP in GFP adenovirus-infected 
cells; TRAF2 overexpression significantly increased the 
ability of glucagon (at 50 and 100 nmol/L) to stimulate HGP 
(Fig. 7E). TRAF2 overexpression also increased the ability 
of DB-cAMP (a cAMP analog) to stimulate HGP by 62% 
(GFP: 128.24 ± 5.34 mg/g/h, n = 5; TRAF2: 208.11 ± 19.92 
mg/g/h, n = 5; P = 0.005). To determine whether TRAF2 
directly promotes the hepatic gluconeogenic program, 
primary hepatocytes were infected with TRAF2 or GFP 
adenoviruses and treated with glucagon, and the ex- 
pression of PEPCK and G6Pase was measured by qPCR. 
Glucagon stimulated G6Pase expression by 343% at 10 
nmol/L, 647% at 50 nmol/L, and 907% at 100 nmol/L in 
GFP adenovirus-infected cells; TRAF2 overexpression 
further increased glucagon-stimulated G6Pase expression by 
11-fold (10 nmol/L glucagon stimulation), 24-fold (50 nmol/L 
glucagon), and 22-fold (100 nmol/L glucagon) in TRAF2 
adenovirus-infected cells (Fig. 7(7). TRAF2 overexpression 
similarly enhanced the ability of glucagon to stimulate 
PEPCK expression in primary hepatocytes (Fig. 7(7). DB- 
cAMP also stimulated the expression of PEPCK and G6Pase, 
and TRAF2 overexpression further increased DB-cAMP- 
stimulated expression of PEPCK and G6Pase (Fig. 7D). To 
determine whether TRAF2 directly modulates CREB acti- 
vation, primary hepatocytes were coinfected with CREB 
and GFP or TRAF2 adenoviruses and treated with gluca- 
gon. Glucagon stimulated CREB phosphorylation in a 
dose-dependent manner, and TRAF2 overexpression fur- 
ther increased glucagon-stimulated CREB phosphorylation 
(Fig. 7E). DB-cAMP also dose-dependently stimulated 
CREB phosphorylation, and TRAF2 overexpression 
further increased DB-cAMP-stimulated phosphorylation 



GFP or TRAF2 adenoviruses. Sixteen hours after infection, the cells 
were treated with glucagon or DB-cAMP for 30 min. Cell extracts were 
immunoblotted with anti-phospho-CREB (pSerl33) or anti-CREB an- 
tibodies. Data are mean ± SEM. *P < 0.05. AU, arbitrary unit. 
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of CREB (Fig. IE). These results suggest that hepatic 
TRAF2 promotes HGP at least in part by increasing glu- 
cagon's ability to stimulate phosphorylation of CREB that 
in turn activates gluconeogenic genes, including PEPCK 
and G6Pase. 



DISCUSSION 

The contribution of inflammation to insulin resistance, hy- 
perglycemia, and glucose intolerance has been extensively 
examined; however, the intracellular signaling pathways that 
mediate proinflammatory cytokine-induced insulin resistance 
and hyperglycemia remain largely unclear. We examined 
the metabolic function of TRAF2 pathways in hepatocytes. 
TRAF2 binds to TNF receptor family members as well as 
Toll-like receptor family members and is believed to me- 
diate the activation of both the canonical inhibitor of kB 
kmase-fVnuclear factor-KBl pathway and the JNK pathway 
(17-19,28,41-44). TRAF2 also mediates endoplasmic re- 
ticulum (ER) stress-induced activation of JNK (45,46). ER 
stress is believed to contribute to insulin resistance and 
type 2 diabetes progression (40,46-50). It is surprising that 
deletion of TRAF2 in hepatocytes did not alter insulin 
signaling in the livers of HKO mice fed either a normal 
chow diet or an HFD. Exogenous insulin reduced blood 
glucose to a similar degree in both HKO and control mice, 
suggesting that hepatic TRAF2 deficiency does not alter 
systemic insulin sensitivity. A simple explanation of these 
observations is that hepatocyte TRAF2 pathways do not 
mediate insulin resistance under inflammation and ER stress 
conditions. Alternatively, other TRAF family members may 
have redundant function and compensate for TRAF2 de- 
ficiency in hepatocytes. 

HKO mice were protected against HFD-induced hyper- 
glycemia. Plasma insulin levels were also lower in HKO 
than in control mice. Hypoinsulinemia may be secondary 
to hypoglycemia in HKO mice. Hepatic glucose production, 
gluconeogenesis, and the expression of key gluconeogenic 
genes (e.g., PGC-la, PEPCK, and G6Pase) were signifi- 
cantly decreased in HKO mice fed an HFD. These obser- 
vations suggest that under HFD conditions, hepatic TRAF2 
promotes hepatic gluconeogenesis, thus contributing to 
hyperglycemia. Moreover, hepatocyte-specific deletion of 
TRAF2 did not alter the severity of liver inflammation in 
HFD-fed HKO mice, suggesting that hepatocyte TRAF2 
pathways do not mediate HFD-induced liver inflammation. 
These data also suggest that TRAF2 is able to separately 
regulate immune responses (by immune cell TRAF2) and 
metabolic responses (by hepatocyte TRAF2) through mu- 
tually independent pathways. 

The hepatic gluconeogenic program is controlled by in- 
sulin and counterregulatory hormones (5,6). Hepatic TRAF2 
appears to regulate gluconeogenesis through glucagon rather 
than insulin. Hepatocyte-specific deletion of TRAF2 severely 
impaired the ability of glucagon to increase blood glucose 
and inhibited glucagon to stimulate CREB phosphorylation in 
the liver. Furthermore, TRAF2 overexpression directly in- 
creased glucagon's ability to stimulate glucose production 
in primary hepatocytes. TRAF2 overexpression also in- 
creased the ability of a cAMP analog to stimulate CREB 
phosphorylation, the expression of PEPCK and G6Pase, 
and glucose production in primary hepatocytes. These 
results suggest that the hepatic TRAF2 cell autonomously 
increases the ability of glucagon and other cAMP-dependent 
factors to stimulate the hepatic gluconeogenic program and 
hepatic glucose production. These observations raise the 



possibility that hepatic TRAF2 may act downstream of in- 
flammation and/or ER stress to promote the hyperglycemic 
response to counterregulatory hormones, thereby contrib- 
uting to hyperglycemia in type 2 diabetes. 

In summary, we show that hepatocyte-specific deletion 
of TRAF2 decreases the hyperglycemic response to glu- 
cagon and protects against hyperglycemia and hyper- 
insulinemia in HKO mice fed an HFD; conversely, TRAF2 
overexpression directly increases the ability of glucagon 
and a cAMP analog to stimulate the expression of gluco- 
neogenic genes and glucose production in primary hep- 
atocytes. TRAF2 deficiency in hepatocytes does not alter 
insulin signaling in the liver. Thus, hepatic TRAF2 is a 
previously unknown positive regulator of glucagon action 
and hepatic gluconeogenesis in overnutrition states. 
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